At low magnesium concentrations, Escherichia coli and Salmonella typhimurium LT2 accumulate ferrous iron independent of the ferrous iron transport system feo. Mutant strains with mutations in the magnesium transport gene corA accumulated less ferrous iron than the parent strains. corA ؉ and corA strains also differed in their sensitivity to ferrous iron under oxic conditions. corA mutants were more resistant to ferrous iron than their parent corA ؉ strains. Part of the ferrous iron accumulated can be chased by the addition of magnesium. Much less iron was chased when ferric iron was taken up by the siderophore ferrichrome. These results may indicate that the intracellular metabolism of the iron taken up by these systems differs and that it depends on the uptake route of the iron.
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Magnesium is the most abundant divalent cation in bacterial and eukaryotic cells. Several transport systems that function under different conditions allow the maintenance of the required amount of Mg 2ϩ . The best-characterized bacterium in this regard is Salmonella typhimurium, which has three magnesium uptake systems. The main magnesium transporter is encoded by the corA gene, which is expressed constitutively. The transport system is relatively nonspecific and also allows uptake of Mn 2ϩ , Co 2ϩ , and Ni 2ϩ , especially at low Mg 2ϩ concentrations in the medium (8) . Co 2ϩ in large amounts is toxic for the cell and has been used to select mutants in the CorA (cobalt resistance) transport system. In addition, the CorA system allows efflux of Mg 2ϩ under certain conditions (4). Two high-affinity uptake systems, encoded by mgtA and mgtB, are induced during magnesium starvation (20) . From uptake studies (14, 16) and sequence similarities (2, 3) , it is certain that at least two of the proteins of the magnesium uptake systems, CorA and MgtA, also exist in Escherichia coli K-12. Genes homologous to corA have also been found in many other bacteria, and CorA is assumed to be a ubiquitous transporter (19) .
The gene region from E. coli equivalent to mgtB in S. typhimurium has been sequenced (3); however, a corresponding gene was not detected. Instead an MgtE-type transporter was postulated for E. coli (24) , but we did not find an mgtE-like gene in the completed E. coli genome sequence by a BLAST search in the database (National Center for Biotechnology Information). We were interested in determining whether ferrous iron, in addition to Mg 2ϩ , Co 2ϩ , Ni 2ϩ , and Mn 2ϩ , is also transported by CorA. In E. coli and S. typhimurium, ferrous iron is taken up by a high-affinity transport system encoded by feoABC (10, 25) . In addition, E. coli can use more than 10 different siderophores as carriers for ferric iron and can transport these complexes via seven TonB-dependent siderophore receptors in the outer membrane. TonB mutants are unable to use siderophore-bound iron efficiently, and aroB (unable to synthesize 2,3-dihydroxybenzoate and enterochelin, the cognate siderophores of E. coli), tonB, and feo triple mutants are still able to grow on rich media (10) . The question arose as to how these cells satisfy their iron needs. Evidence is presented here that magnesium transport systems might contribute to the iron supplies of the cells.
Ferrous iron uptake. Uptake studies with ferrous iron in the presence of 1 mM magnesium have shown that E. coli feoB mutants take up less ferrous iron than the parent strain does (10) . The feoABC genes encode the only defined ferrous iron transport system in E. coli. In contrast, ferrous iron was enriched in an E. coli feoB mutant when the magnesium concentration in the medium was lowered (Fig. 1A) . Part of the ferrous iron taken up was released from the cells by the addition of Mg 2ϩ (Fig. 1B) . In the transport experiment, the cells were always washed twice with a mixture of EDTA (0.2 mM) and nitrilotriacetic acid (0.1 mM) after being applied to the filter membrane. EDTA permeabilizes the outer membrane (5, 12) and, together with nitrilotriacetic acid, should complex all loosely bound iron in the outer membrane and the periplasm. Therefore, most of the radioactive iron accumulated should be in the cytoplasm of the cells.
Uptake experiments with ferrous iron were always performed in the presence of 1 mM sodium ascorbate to keep iron in a reduced state. Oxidation of iron in the medium leads to rapid precipitation of iron on the filter and results in a high background in liquid scintillation counting.
Since the magnesium uptake systems in S. typhimurium LT2 are characterized better than those in E. coli, similar experiments were performed with strain LT2. In principle, the same results were obtained ( Fig. 1C and D ). An eightfold increase in the uptake of ferrous iron was measured at 25 M ferrous iron and low magnesium concentrations (Fig. 1C) . The high iron uptake at low Mg 2ϩ concentrations was independent of feo, since it occurred in feoB and feoB ϩ strains (Fig. 1C ). CorA has been described as the major magnesium transporter in E. coli and S. typhimurium (4, 16) . Ferrous iron uptake was approximately 30% lower in the corA mutant than in the parent strain (Fig. 1D) . Similar results were obtained with E. coli (data not shown). Some of the ferrous iron taken up could be chased by magnesium (Fig. 1D) , as was observed in E. coli (Fig. 1B) .
Siderophore-mediated ferric iron uptake. In the ferrichrome-ferric iron uptake system, the iron-free siderophore is rapidly released from the cell after the uptake of ferrichrome (7) and there is additional evidence that the ferric iron taken up with the help of a siderophore is reduced to ferrous iron (13) . It is assumed that reduction is an essential step in the removal of Fe 3ϩ from siderophores; Fe 2ϩ has a much lower affinity than Fe 3ϩ to the siderophores, which are highly specific in complexing ferric iron. An experiment was performed to determine whether ferrous iron released from ferrichrome can be chased from the cell by high magnesium concentrations. Transport was determined in E. coli MC4100, grown with 50 M ethylenediamine-di(o-hydroxyphenylacetic acid) to derepress iron uptake, and in E. coli H1941 ⌬fur, in which siderophore uptake is constitutive. The experiment was performed in a medium without added magnesium. The addition of 3 mM Mg 2ϩ after 7 min had no influence on the uptake kinetics at 1 M [
55 Fe]ferrichrome (data not shown), and a small reduction in uptake was observed at 25 M [
55 Fe]ferrichrome (Fig. 2) . The same results were obtained in the fur mutant strain (data not shown). These results indicated that the iron taken up with the siderophore ferrichrome was tightly bound in the cell and not as easily accessible for an exchange with magnesium ions as ferrous iron taken up by CorA and other divalent ion carriers.
Killing of cells by Fe 2؉ . To test the hypothesis that a magnesium uptake system is used by Fe 2ϩ , the sensitivity of E. coli MC4100 and H5329 corA to Fe 2ϩ at low Mg 2ϩ concentrations was determined. Cells were grown in complex medium (tryptone-yeast extract [TY] ) and suspended in a HEPES-buffered medium because HEPES does not have metal-complexing activities as strong as that of phosphate, which is often used in minimal media. As can be seen in Fig. 3A , MC4100 was much more sensitive to Fe 2ϩ than the mutant H5329 corA. This indicated that CorA contributes significantly to the sensitivity of the cells to Fe 2ϩ . Similar experiments were performed in the better-characterized S. typhimurium LT2. High magnesium concentrations protected cells against the toxicity of ferrous iron (Fig. 3B) . The corA mutant was more resistant than the parent strain to Fe 2ϩ (Fig. 3B) . Introduction of an additional feo mutation did not change the number of cells killed (data not shown), which indicates that uptake of ferrous iron via the Feo system did not contribute to the killing of the cells. As shown in Figure 1C , Feo did not contribute to iron uptake under the conditions used.
A dilute tryptone medium has been reported to be low in magnesium (ϳ35 M) (18) . S. typhimurium corA was grown in this medium to induce mgtA and mgtB. However, no increased sensitivity to ferrous iron was observed. A slight increase in sensitivity was observed with a HEPES-buffered synthetic medium when no magnesium was added. This indicated that MgtA and MgtB did not contribute to the ferrous iron sensitivity of S. typhimurium corA. These transport systems may be more specific for magnesium and might not contribute much to the magnesium-suppressible ferrous iron uptake.
Conclusions. Ferrous iron was taken up in large amounts by E. coli and S. typhimurium when the medium contained a low concentration of magnesium. This ferrous iron uptake was independent of the ferrous iron transport system Feo ( 1C), which is found in E. coli and Salmonella (10, 25) . Moderately high concentrations of magnesium (1 to 3 mM) suppressed this feo-independent ferrous iron uptake. The difference in iron uptake between feoB ϩ and feoB was small (Fig.  1C) , since the iron concentration used in the transport experiment was 25 M, which is much higher than the K m of the Feo transport system (approximately 0.8 M).
Some of the iron was taken up by the CorA magnesium transport system, as was shown by uptake experiments with S. typhimurium and a corA mutant (Fig. 1D) . The same has been observed in E. coli (data not shown). In addition, corA mutants were more resistant to killing by ferrous iron, which again reflected the lower uptake of ferrous iron (Fig. 3B) .
However, other divalent ion uptake systems also seemed to accept ferrous iron, as could be seen by the magnesium dependence of ferrous iron uptake in a S. typhimurium corA mutant (Fig. 1D) . These other divalent ion uptake systems seem not to be MgtA or MgtB. In corA mutants grown with high magnesium, MgtA and MgtB are repressed (20) . Induction of mgtA and mgtB by growth in a low-magnesium medium did not increase the ferrous iron sensitivity of a S. typhimurium corA mutant (data not shown). This suggested that other divalent ion transport systems contribute to the ferrous iron sensitivity of this strain.
A significant part of the iron taken up by these divalent ion uptake systems was not tightly bound to the cell and could be released by a chase with high concentrations of magnesium. In contrast, iron taken up via ferrichrome was only chased in small amounts by magnesium (Fig. 2) . This may indicate that the intracellular metabolism of the iron taken up by these systems differs and that it depends on the uptake route of the iron. The corA mutants of E. coli and of S. typhimurium lost nearly as much iron as the parent strains by a chase with magnesium. CorA in S. typhimurium has also been implicated in the efflux of magnesium (4), while MgtA and MgtB do not show this activity. The observed efflux of iron after the addition of magnesium did not depend on CorA (Fig. 1D) . We concluded that efflux of ferrous iron does not occur through CorA but occurs through other unknown systems.
Iron taken up by ordinary iron transport systems is usually not toxic for the cells even after a shift from anoxic to oxic conditions. Only certain mutants have been shown to be sensitive to iron taken up by Feo or a siderophore, such as nucleotide reductase mutants (6) and recA ⌬fur double mutants (23) . In both cases, the undefined free iron inside the cell seems to be the toxic species. In addition iron taken up via a magnesium transport system has also been shown by the Ames test to be mutagenic in S. typhimurium, as one would expect for a system generating DNA damaging radicals (15) .
The low-magnesium conditions used in this study may have two effects in the presence of Fe 2ϩ : (i) nonspecific uptake of high amounts of ferrous iron via magnesium transport systems is stimulated, and (ii) ferrous iron may occupy sites in the cell at the DNA or at membranes, which normally bind magnesium; during oxidative stress, the radicals would be generated at the highly sensitive sites of the cell, and the DNA or membranes would be damaged by the radicals. This second point seems plausible, but is not covered by the experiments presented here. One can calculate from the transport data that, depending on the conditions, roughly 3 ϫ 10 6 to 1 ϫ 10 7 iron ions have to be taken up per cell to kill 90% of the cells. This is about 30 to 100 times more than a cell needs for growth (1) . Ferrichrome-bound iron at the same concentration in the medium is not toxic for the cells. Compared to ferrous iron, 10 times less iron is taken up into the cells by the TonB-dependent route (Fig. 2) , and this iron is tightly bound in the cell.
Ferrous iron may also be taken up by magnesium transport systems in other organisms. In Bifidobacterium thermophilum, Mg 2ϩ inhibits ferrous iron uptake, and it has been speculated that Mg 2ϩ and ferrous iron share a permease (11) . In vertebrates, a Mg 2ϩ -Na ϩ antiporter in erythroid cells allows the uptake of iron (21) . The uptake route via nonspecific magnesium transporters may be identical to the often-described nonspecific, low-affinity iron uptake systems that are independent of transferrin (reviewed in reference 22 Ϫ10 m] [9] ). Under most circumstances, the low specificity of CorA may be advantageous for the cells, since metals such as Co, Mn, and Ni are relatively rare elements and are needed in very small amounts by the cell. Fe is also needed in amounts 1,000 to 10,000 times smaller than those of Mg in the cell. Near-neutral-pH Fe 3ϩ does not occur in amounts that support bacterial growth, since it is rapidly hydrolyzed to iron hydroxide and precipitates. Fe 2ϩ may be present under anoxic conditions, which are readily obtained in densely populated media by respiratory consumption of oxygen by aerobic bacteria. Therefore, it might be beneficial in most cases for the cells to have only one transport system, like CorA, for divalent cations that discriminates against Ca 2ϩ and allows the uptake of rare and seldom-needed divalent cations in addition to magnesium. The low specificity of CorA becomes a problem only in habitats normally not colonized by E. coli, such as in certain well waters that are toxic for E. coli and S. typhimurium (17) . These well waters are from anoxic regions below the earth and contain relatively large amounts of ferrous iron (up to 500 M [17] ). When bacteria are suspended in these fresh well waters, they are killed by taking up too much ferrous iron in the presence of oxygen, which results in the high hygienic quality of these groundwaters (17) .
